Free-living amoebae (FLA) are ubiquitous organisms that have been isolated from various domestic water systems, such as cooling towers and hospital water networks. In addition to their own pathogenicity, FLA can also act as Trojan horses and be naturally infected with amoeba-resisting bacteria (ARB) that may be involved in human infections, such as pneumonia. We investigated the biodiversity of bacteria and their amoebal hosts in a hospital water network. Using amoebal enrichment on nonnutrient agar, we isolated 15 protist strains from 200 (7.5%) samples. One thermotolerant Hartmannella vermiformis isolate harbored both Legionella pneumophila and Bradyrhizobium japonicum. By using amoebal coculture with axenic Acanthamoeba castellanii as the cellular background, we recovered at least one ARB from 45.5% of the samples. Four new ARB isolates were recovered by culture, and one of these isolates was widely present in the water network. Alphaproteobacteria (such as Rhodoplanes, Methylobacterium, Bradyrhizobium, Afipia, and Bosea) were recovered from 30.5% of the samples, mycobacteria (Mycobacterium gordonae, Mycobacterium kansasii, and Mycobacterium xenopi) were recovered from 20.5% of the samples, and Gammaproteobacteria (Legionella) were recovered from 5.5% of the samples. No Chlamydia or Chlamydia-like organisms were recovered by amoebal coculture or detected by PCR. The observed strong association between the presence of amoebae and the presence of Legionella (P < 0.001) and mycobacteria (P ‫؍‬ 0.009) further suggests that FLA are a reservoir for these ARB and underlines the importance of considering amoebae when water control measures are designed.
Pneumonia is an important cause of morbidity and mortality. Identification of the etiological agent is essential to select the appropriate antibiotic therapy. However, the etiology is identified in only about 50% of cases of community-acquired pneumonia (39) and in about 35% of cases of nosocomial pneumonia (50) . Intracellular bacteria that grow poorly or not at all on the media used routinely in clinical diagnostic laboratories could be the agents responsible for pneumonia whose etiology is unknown. The candidates for these bacteria include intracellular colonizers of free-living amoebae (FLA), such as Legionella (an established agent of pneumonia [14] ) and Parachlamydia (an emerging human pathogen [19] ). These socalled amoeba-resisting bacteria (ARB) resist the microbicidal effector mechanisms of amoebae (18) and use the amoebae as a "training ground" for resistance to destruction by macrophages (38) . Moreover, amoebae that are a reservoir for ARB are widely spread in the environment and in domestic water systems (44) . The internalized bacteria may be protected from adverse conditions, particularly from agents used for water disinfection since amoebae are resistant to most of these disinfectants (53) , especially when they are encysted (26) . Human infection occurs via inhalation of aerosols containing free bacteria (9) . It has also been suggested that infected amoebae could be the infectious particles that bring bacteria to the lungs (46) .
Since ARB are probably able to resist human macrophages, amoebal coculture techniques that selectively isolate the ARB may be ideal tools for recovering potentially pathogenic bacteria. In this cell culture system, samples that potentially contain ARB are seeded onto axenic amoebae. Amoebal coculture has the additional advantage of reducing interference from rapidly growing species present in the sample that generally overwhelm traditional agar plates, thereby allowing recovery of fastidious species from a complex microflora. This technique has been successfully used for recovery of Legionella sp. from sputum (33) and feces (47) , of new Alphaproteobacteria from hospital water supplies and nasal mucosa (17, 31) , of Mycobacterium sp. from sputum (2) , and of new Chlamydiales from activated sludge (11) .
In this study, we used amoebal coculture to isolate ARB directly from samples from a hospital water network and also from indigenous amoebae recovered from the samples using amoebal enrichment. Even though we focused on Legionella, mycobacteria, and Chlamydia-like organisms, our goal was to isolate all ARB species present, including novel species, since such species may be unknown pathogenic agents that are potentially involved in nosocomial pneumonia whose etiology is unknown.
Specific broth and media for amoebal culture. Peptone-yeast extract-glucose medium contained (in 5 liters of distilled water) 100 g proteose peptone (Difco, Sparks, MD), 10 g yeast extract (Difco), 4.9 g MgSO 4 · 7H 2 4 . To prepare nonnutritive agar plates, 1.5 g agar (Research Organics, Cleveland, OH) was diluted in 100 ml of PAS.
Amoebal microplates. Acanthamoeba castellanii strain ATCC 30010 was grown at 28°C in 75-cm 2 cell culture flasks (Corning) with 30 ml peptone-yeast extractglucose medium (17) . When cells formed a homogeneous monolayer, the amoebae were harvested and washed three times in 50 ml of PAS (with centrifugation at 2,000 ϫ g for 10 min to pellet the amoebae). After the last centrifugation, the amoebae were resuspended in PAS, and 1 ml of a suspension containing 5 ϫ 10
5
A. castellanii cells/ml was distributed into each well of a 24-well Costar microplate (Corning).
Processing of samples. Each water sample consisted of two 500-ml portions collected at 1-to 2-min intervals in order to recover both proximal and distal microorganisms. The samples were filtered through a 0.2-m cellulose nitrate membrane. Then the membrane was resuspended in 10 ml of sterile water. To recover ARB (see below), 200-l portions of water were spread onto amoebal microplates. To isolate amoebae that were potentially present in the samples (see below), 200-l portions were also spread on nonnutritive agar plates that had previously been seeded with a layer of living Escherichia coli ATCC 25922 (17) .
Swabs were vortexed for 30 s in 1 ml of PAS in individual sterile tubes. The suspensions were centrifuged at 800 ϫ g for 10 min. Two hundred-microliter portions of the supernatants were spread onto amoebal microplates. The pellets were resuspended in 100 l of PAS and spread on nonnutritive agar plates seeded with E. coli.
Amoebal coculture. Once inoculated, the microplates were centrifuged at 1,500 ϫ g for 30 min and incubated at 32°C. The amoebal cocultures (F0) were subcultured with fresh amoebae on day 6, and the subcultures (F1) were incubated for 14 days at 32°C. Amoebal cocultures were examined daily for amoebal lysis. When amoebal lysis was observed, at the time of subculture, and after 14 days of subculture, the cultures were screened for intra-amoebal bacteria.
This screening was performed by gently shaking the microplates to suspend the amoebae. Then 50-l portions of the suspensions were deposited on 12-well slides (Erie Scientific, Portsmouth, United Kingdom), dried at 100°C, and stained with Gimenez stain (16). When Gimenez-stained bacteria were observed or when bacterial proliferation or amoebal lysis occurred, 100 l was seeded on buffered charcoal-yeast extract (BCYE) agar, on charcoal-yeast extract (CYE) agar, and on new amoebal microplates. The BCYE agar plates were incubated for 20 days at 37°C, and the CYE agar plates were incubated for 20 days at 32°C. Seeding on CYE agar plates was also systematically performed from F1 subcultures after 14 days of incubation.
All cocultures, with or without evidence of bacterial growth, were also tested for detection of Chlamydiales and Legionella using previously described specific primers. Primers 16SIGF and 16SIGR and primers Leg225 and Leg858 were used to detect Chlamydiales and Legionella spp., respectively. PCRs were performed with F0 cultures at day 6 and with F1 cultures at day 14. Cocultures were homogenized by scraping, 200 l of supernatant was collected and inactivated by heating at 90°C for 30 min, and 5 l was then used undiluted and diluted 10-fold as the DNA template. A total of 40 cycles of amplification were performed, with an annealing temperature of 51°C for primers 16SIGF and 16SIGR and an annealing temperature of 55°C for primers Leg225 and Leg858. The success of the amplification was determined by electrophoresis in a 0.7% agarose gel of PCR products stained with ethidium bromide. PCR products were purified by using a QIAquick PCR purification kit (QIAGEN, Hilden, Germany). Sequencing was performed with the dRhodamine terminator cycle sequencing Ready Reaction with the primers used for PCR and with AmpliTaq DNA (PerkinElmer Biosystems, Warrington, England), according to the manufacturer's instructions. Sequences were determined with an ABI Prism 3100 automated sequencer (Applied Biosystems, Rotkreuz, Switzerland).
Ziehl-Neelsen staining was also systematically performed with 50-l portions of the homogenized initial cocultures (F0) after 20 days of incubation at 32°C. When acid-fast stained bacteria were detected, two 100-l portions were seeded onto 7H10 agar and incubated for 2 months, one at 32°C and one at 37°C. At the same time, 200 l of supernatant was collected and inactivated by heating at 90°C for 30 min. DNA was then extracted by using an AquaPure genomic DNA extraction kit and proteinase K (Bio-Rad) according to the manufacturer's recommendations for extraction of DNA of gram-positive bacteria. A specific PCR was then performed using primers 285b and 264 (27) . The PCR conditions were as follows: 94°C for 5 min, 40 cycles of denaturation at 94°C for 30 s, annealing at 60°C for 30 s, and elongation at 72°C for 1.5 min and then a final cycle at 72°C for 10 min. PCR products were purified and sequenced with primer 264 and with internal primer 271 (5Ј-CTTAACACATGCAAGTCGAAC-3Ј).
Amoebal enrichment. Nonnutritive agar plates were incubated at 28°C in a humidified atmosphere and examined daily for the presence of amoebal cells. When plates were positive, the amoebae were subcultured on new nonnutritive agar plates seeded with viable E. coli ATCC 25922. After three or four subcultures, the amoebae were harvested by scraping and resuspended in 1 ml of PAS. To lyse amoebae, the cell suspension was then passed three times through a 27-gauge syringe and vortexed at the maximum speed for 30 s. To identify amoebae, DNA was extracted with an AquaPure genomic DNA extraction kit and proteinase K (Bio-Rad), and an 18S rRNA PCR was performed with primers Ami6F1 (5Ј-CCAGCTCCAATAGCGTATATT-3Ј), Ami6F2 (5Ј-CCAGCTCCAA GAGTGTATATT-3Ј), and Ami9R (5Ј-GTTGAGTCGAATTAAGCCGC-3Ј) at a concentration of 0.5 M together in the same reaction tube containing 2 mM MgCl 2 and 2.5 U of Taq DNA polymerase (GibcoBRL, Life Technologies) (adapted from the method of Serra [49] ). After a first step consisting of 94°C for 5 min, 40 cycles of amplification were performed by using denaturation at 94°C for 1 min, annealing at 55°C for 30 s, and elongation at 72°C for 2 min and a final cycle at 72°C for 10 min. Sequencing reactions were then performed with each primer. To recover ARB that were potentially present within the amoebae, 200 l of suspension was seeded onto A. castellanii in 1 ml of PAS plus 100 g ampicillin (to kill the E. coli). This amoebal coculture was then handled as described above.
Genotypic and phylogenetic characterization. To identify the bacteria recovered, PCR amplification and sequencing of the 16S rRNA-encoding gene were performed directly with agar-grown bacteria resuspended in sterile phosphatebuffered saline (PBS) using primers fD1 and rP2 (55) . The complete 16S rRNAencoding gene was sequenced for every new species (homology with the closest neighbor, Ͻ99%) and for previously uncultured species, using previously described primers (1) . For bacteria belonging to the genera Afipia and Bosea, we also amplified and sequenced the discriminative partial sequence of the rpoB gene (25) . All sequences were compared with sequences available in the GenBank database in December 2004 by using the BLAST 2.2.2 program available on the NCBI website (www.ncbi.nlm.nih.gov). When the most similar sequence was that of an unpublished bacterial species, the level of sequence homology with the most similar published bacterial species was also recorded ( Table 1 ). The 16S rRNA and rpoB sequences of the isolates were aligned with the sequences of the best BLAST hits and with the sequences of the closest relative type strains of each isolate. Sequences were edited by removal of the longer 5Ј and 3Ј ends so that their lengths matched the length of the shortest sequence. rpoB sequences were aligned with the complete rpoB sequence of Afipia felis (accession no. AY242824) in order to select the hypervariable region corresponding to positions 3,380 to 3,800 (25) . The homology of the edited sequences was then analyzed by the distance matrix program of the MEGA3 software (29) . For identification at the species and genus levels, levels of 16S rRNA sequence similarity with the most similar sequences in the GenBank database of Ͼ99% and Ͼ97%, respectively, were used as cutoffs (13) . For Afipia and Bosea, we considered isolates members of the same species when the level of sequence similarity of the hypervariable region of the rpoB gene was Ն98%, whereas isolates belonged to different species when the level of sequence similarity was Յ96% (25) . With these 16S rRNA and rpoB sequences, neighbor-joining (p-distance), minimumevolution (p-distance), and parsimony (standard parsimony) trees were constructed using the MEGA3 software.
Phenotypic tests. The phenotypes of the strains corresponding to new species were thoroughly studied. Morphological and tinctorial properties were determined by Gram and Gimenez staining. Growth was tested at 32°C on Columbia agar with 5% sheep blood, chocolate agar, and CYE agar. Growth on CYE agar was examined at 32 and 37°C. Oxidase activity was detected using a dimethyl-pphenylenediamine oxalate disk (Pasteur Diagnostic). Catalase activity was detected by emulsifying a colony in 3% hydrogen peroxide and checking for the presence of microscopic bubbles. Other biochemical tests were performed by inoculation of API 20NE and API 50CH strips (bioMerieux), according to the manufacturer's instructions. These strips were incubated for 7 and 15 days, respectively, at 32°C. The API 20NE strips tested for any reduction of nitrates, indole production, urease activity, glucose acidification, arginine dihydrolase activity, hydrolysis of gelatin and esculin, ß-galactosidase activity, and assimilation of glucose, arabinose, mannose, mannitol, N-acetylglucosamine, maltose, gluconate, caprate, adipate, malate, citrate, and phenylacetate. Briefly, bacteria were grown on CYE agar at 32°C for 10 days. Then they were harvested, washed three times in PAS, and filtered with a 5-m filter, and the turbidity was adjusted to a McFarland standard of 1. Twenty-microliter portions of the suspensions were used to seed amoebal microplates prepared as described above. The microplates were centrifuged for 30 min at 1,500 ϫ g and incubated for 2 h at 32°C. The amoebal cocultures were washed with PAS to remove extracellular bacteria and then incubated for 1 week at 32°C in a humidified atmosphere. To determine the number of viable bacteria, cocultures were scraped, serially diluted in sterile PBS, and seeded on CYE agar, and the cultures were then incubated for 14 days at 32°C. The numbers of CFU were then compared with the numbers of CFU obtained in the absence of amoebal cells.
Transmission electron microscopy. Electron microscopy was also used to further characterize the new bacterial species. Briefly, 10-ml portions of 5-day cocultures were harvested, washed in PBS, and fixed in 4% glutaraldehyde. Fixed samples were then treated as described previously (17) and observed with a Philips EM 201 C transmission electron microscope (Philips, Eindhoven, The Netherlands).
Statistical analysis. The mean numbers of bacterial strains isolated from amoeba-colonized samples were compared to the mean numbers of strains isolated from other samples by using the chi-square test (STATA software, version 7.0; Stata Corporation, College Station, TX).
RESULTS
Amoebal enrichment and temperature tolerance. Using amoebal enrichment, PCR, and sequencing of the 18S rRNA-encoding gene, we recovered and identified 15 protist isolates from 15 of 200 samples (7.5%). Six identical isolates, corresponding to the same Hartmannella vermiformis strain (strain 1; GenBank accession no. DQ123623), were recovered from water samples (two isolates; water temperature, 42°C) and tap swabs (four isolates) from the emergency ward and intensive care unit. This strain had an intron in the 18S rRNA-encoding gene. Seven other isolates, corresponding to an intronless strain of H. vermiformis strain 1 was able to grow on nonnutrient agar seeded with E. coli at 28°C, 37°C, and 44°C and exhibited only limited growth at 47°C. H. vermiformis strain 2 could grow at 28°C, but it exhibited limited growth at 37°C and was inactivated after 3 days of incubation at 44°C (there was no subsequent growth at 28°C). The A. polyphaga strain could grow at 28°C and 37°C, and although it did not grow at 44 and 47°C, it survived at these high temperatures.
Coculture from indigenous amoebae. Coculture from indigenous amoeba lysates led to the recovery of Legionella pneumophila and Bradyrhizobium japonicum (strain 1) from one isolate of intron-containing H. vermiformis. No Chlamydiales were recovered by coculture from any of the 15 amoebae or were detected by PCR.
Coculture from water and swab samples. A total of 125 bacterial isolates were recovered by amoebal coculture from 91 of the 200 samples. Thus, 42.3% of water samples, 52.4% of shower swabs, and 45.1% of tap water swabs were found to be colonized with at least one ARB.
Coculture from water and swab samples: mycobacteria. Mycobacteria were frequently recovered, and they were easily detected using Ziehl-Neelsen staining performed with primary cultures 20 days postinoculation. Forty-three mycobacterial isolates recovered from 41 samples were identified by PCR and sequencing, and two cocultures harbored two different species. Two strains of Mycobacterium gordonae, differing by only one base in a partial 16S rRNA sequence, were recovered from 35 samples. They were present in water, as well as on tap water swabs and shower swabs. Strain 1 was isolated from 15 samples, and strain 2 was isolated from 20 samples. We also isolated a strain of Mycobacterium kansasii (subtype 1) from three samples and a strain of Mycobacterium xenopi from five samples. Mycobacteria were isolated more frequently from samples from which an amoeba was also recovered (7/15 samples, 46.7%) than from samples from which no amoebae were isolated (34/185, 18.4%) (P ϭ 0.009).
Coculture from water and swab samples: various alphaproteobacterial species. Bacteria belonging to the class Alphaproteobacteria were isolated after the cocultures were plated on CYE and/or BCYE agar (Fig. 1) . Two different strains of Methylobacterium extorquens were recovered on CYE and BCYE agar plates, one from 20 samples and one from one sample. Two strains that exhibited Ͼ99% 16S rRNA gene similarity with B. japonicum were also recovered, one from six samples and one from three samples. Additional alphaproteobacteria, including the Rasbo bacterium, Muricoccus roseus, Rhodoplanes elegans, Roseomonas gilardii, and Caulobacter crescentus, were isolated from single samples. Sphingomonas sp. (n ϭ 36) and Brevundimonas sp. (n ϭ 4) were also recovered by amoebal coculture, but they could not be considered ARB sensu stricto.
Overall, alphaproteobacteria were not recovered more frequently from samples with amoebae than from samples without amoebae ( Table 2) .
Coculture from water and swab samples: alphaproteobacterial strains related to Rhodoplanes. A strain related to the genus Rhodoplanes, "Rhodoplanes sp. strain laus-1," was recovered from 23 samples. This strain is a fastidious, slow-growing, gram-negative bacterium that was recovered on CYE agar plates incubated at 32°C. Small white colonies were observed after 2 to 3 weeks of incubation. The results of an API 20NE analysis are shown in Table 3 . As determined by API 50CH tests, only D-saccharose oxidation and weak potassium 5-ketogluconate oxidation were detected after 14 days of incubation at 32°C. As determined by BLAST analysis, the 16S We also isolated another strain affiliated with this genus, "Rhodoplanes sp. strain laus-2." This strain is a very slowly growing bacterium that was recovered on CYE agar plates incubated at 32°C. Loose and colorless colonies were observed after 3 weeks of incubation. As determined by BLAST analysis, it exhibited only 92.2% 16S rRNA sequence similarity (1,454 bp) with the most closely related previously described species, Chelatococcus asaccharovorans. Interestingly, genetic analysis predicted that this isolate also belongs to the genus Rhodoplanes (97.3 to 97.8% sequence homology), and the most closely related strain in the genus is "Rhodoplanes sp. strain laus-1" (98.4% sequence homology). All phylogenetic analyses confirmed that "Rhodoplanes sp. strain laus-1" and "Rhodoplanes sp. strain laus-2" belong to the Bradyrhizobiaceae family (order Rhizobiales) and are more closely related to species of the genus Rhodoplanes. The two strains clustered together, with bootstrap values of 89%, 96%, and 64% in the neighborjoining, minimum-evolution, and maximum-parsimony trees, respectively, supporting the fork separating these two strains from their closest relatives, the members of the genus Rhodoplanes (Fig. 1) . Although the increase in the number of CFU of "Rhodoplanes sp. strain laus-1" was limited (0.7 log) in the presence of A. castellanii (Fig. 2) , these results strongly contrasted with the decrease in the number of CFU in the negative control (without amoebae). This is congruent with the presence of few bacteria inside amoebae after 2 and 5 days of coculture as determined by electron microscopy (see Fig. 4 ). We were not able to grow sufficient numbers of strain laus-2 to perform additional phenotypic tests and to study its intraamoebal growth. "Rhodoplanes strain laus-1" has been deposited in the Collection de l'Institut Pasteur as "R. lausannensis strain CIP 108886
T ."
Coculture from water and swab samples: alphaproteobacterial strain related to Craurococcus. Another alphaproteobacterial strain was recovered from one CYE agar plate. This strain formed pinkish colonies that grew within 5 to 7 days at both 32°C and 37°C. The API 20NE results are shown in Table  3 . All API 50CH results were negative. In intra-amoebal growth experiments, the number of CFU increased only at day 7, after a slight decrease at day 2 (Fig. 2) . Intra-amoebal bacteria were rarely observed by electron microscopy, and there was a maximum of two bacteria per amoeba (see Fig. 4 ). These observations suggest that this strain might resist phagocytosis by amoebae, possibly inducing amoebal lysis and growing saprophytically thanks to nutrients released by lysed amoebae. As determined by BLAST analysis, the sequence of this strain exhibited only 93.4% 16S rRNA gene similarity (1,454 bp) with the sequence of Craurococcus roseus (accession no. D85828). As determined by genetic analysis, "Craurococcus-related sp. strain laus-1" exhibited 96.4% sequence homology with Craurococcus roseus (accession no. D85828) and 96.5% sequence homology with Paracraurococcus ruber (accession no. D85827). All phylogenetic analyses confirmed that this strain belongs to the Acetobacteraceae family (order Rhodospirillales) and that it belongs to a new genus related to Craurococcus. Thus, bootstrap values of 92%, 99%, and 94% in the neighbor-joining, minimum-evolution, and maximum-parsimony trees, respectively, supported the fork separating this strain from C. roseus (Fig. 1) . This strain has been deposited in the Collection de l'Institut Pasteur as Neocraurococcus lausannensis strain CIP 108887
T ." Coculture from water and swab samples: alphaproteobacterial strains related to Afipia. Five Afipia sp. isolates were recovered from CYE agar plates, and these isolates were initially identified as Afipia birgiae based on partial 16S rRNA sequences. Since it has been demonstrated that 16S rRNA is not discriminating enough to allow precise identification at the species level for the genera Afipia and Bosea (25), we completed the identification by sequencing the discriminative rpoB region (Fig. 3) . This allowed us to clearly identify two A. birgiae strains (two isolates of each strain), one exhibiting 99.0% sequence homology with the A. birgiae accession no. AY242821 sequence and the other exhibiting 100% identity. The last isolate exhibited only 93.7% rpoB gene sequence similarity with the most closely related previously described species (Afipia massiliensis), whereas the 16S rRNA gene sequence (1,455 nucleotides; GenBank accession no. DQ123622) was 99.6% similar to the A. birgiae accession no. AF288304 sequence. For this strain, bootstrap values of 87%, 94%, and 40% in the neighbor-joining, minimum-evolution, and maximum-parsimony trees, respectively, supported the fork separating this strain from A. massiliensis (Fig. 3) . This isolate, which grew at 32°C on sheep blood agar and CYE agar in an aerobic atmosphere, was oxidase positive, able to reduce nitrates to nitrites, able to hydrolyze gelatin, and able to assimilate potassium gluconate, adipate, and malate (Table 3) . With API 50CH strips, acidification was detected only in the presence of Dglucose. Thus, like all the other members of the genus Afipia, this isolate is a gram-negative, oxidase-positive, esculin-positive rod. It is noteworthy that this phenotypic pattern is different from those of all other members of the genus and is more similar to that of Afipia clevelandensis. Intra-amoebal growth of "Afipia sp. strain laus-1" was limited, and there was a 1.7-log increase at day 7 (Fig. 2) . As determined by electron microscopy, a maximum of three bacteria per amoeba were detected (Fig. 4) . This strain has been deposited in the Collection de l'Institut Pasteur as "Afipia lausannensis strain CIP 108885 T ." Coculture from water and swab samples: alphaproteobacterial strains related to Bosea. Both sequencing of 16S rRNA and sequencing of rpoB were used to accurately identify four Bosea spp. isolated from three tap water samples and one shower swab. Three isolates corresponded to a single strain of Bosea eneae and had a partial rpoB sequence identical to that of a B. eneae strain (accession no. AY242841). The third Bosea isolate had a partial 16S rRNA gene sequence (1,441 nucleotides) identical to that of Bosea vestrisii (accession no. AF288302) and exhibited 96.5% and 94.2% partial rpoB sequence similarity with sequences of B. eneae (accession no. AY242841) and B. vestrisii (accession no. AY242839), respectively. For this strain, bootstrap values of 98%, 98%, and 92% in the neighbor-joining, minimum-evolution, and maximumparsimony trees, respectively, supported the fork separating "Bosea sp. strain laus-1" from B. eneae (Fig. 3) . Like most other Bosea species, the Lausanne isolate did not oxidize any sugar in API 50CH tests. The other phenotypic traits of this new Bosea species are shown in Table 3 . "Bosea sp. strain laus-1" grew very well within A. castellanii; there was a 2.8-log increase within the first 4 days of incubation in the presence of amoebae, whereas there was only a 0.7-log increase in the absence of cells. Furthermore, transmission electron microscopy after day 5 of coculture showed that there were highly vacuolated amoebae that contained many bacteria (Fig. 4) . This strain has been deposited in the Collection de l'Institut Pasteur as "Bosea lausannensis strain CIP 108888
T ." Coculture from water and swab samples: Legionella. Species belonging to the Gammaproteobacteria were also found in the coculture experiments. All the Legionella species that were detected in coculture by PCR were also recovered on BCYE agar plates, and we did not detect DNA from obligate intracellular Legionella species. Eleven isolates of Legionella spp. were recovered. Legionella anisa was the predominant organism, accounting for 9 of the 11 isolates. A strain of L. pneumophila was also recovered from two water samples. It exhibited 100% sequence homology with the L. pneumophila strain present within an H. vermiformis cell isolated by amoebal enrichment. Isolation of Legionella spp. was more frequent from samples from which an amoeba was also recovered (5/15 samples, 33.3%) than from samples from which no amoebae were isolated (6/185 samples, 3.2%) (P Ͻ 0.001) ( Table 2) . Coculture from water and swab samples: other species. We recovered one strain of Pseudomonas aeruginosa from two tap water swabs. No Chlamydiales were recovered by amoebal coculture or detected by PCR.
DISCUSSION
In this study, we investigated the biodiversity of amoebae and ARB in the water network of a hospital with no recent history of epidemics involving such microorganisms. We used a broad range of staining methods, culture approaches, and PCR tools to identify a variety of ARB isolated by coculture with axenic amoebae.
We recovered amoebae from 11.5% of the water samples and 5.7% of the swabs taken from taps and showerheads. The prevalence of amoebae was lower than the prevalence found in a previous study (45) , in which approximately 50% of the samples were found to be colonized by amoebae. The lower rate of amoeba colonization that we observed could have been due to the high temperature of the hospital hot water network (in order to prevent colonization by Legionella spp., the temperature had been maintained at 65°C since 2000) (7). In our study, the mean temperature of water samples was 56°C (range, 42 to 68°C). This may also explain why we recovered almost exclusively H. vermiformis (86.7%), a species reported to be tolerant to high temperatures (45) .
Two different H. vermiformis strains were isolated, one of which exhibited an intron in its 18S rRNA gene sequence and was resistant to high temperatures; it was even able to grow slightly at 47°C. The other strain showed only limited growth at 37°C and was not able to survive exposure to 44°C for 3 days. Thus, these two strains could have different ecological niches; one could be able to colonize distal (cooler) points of a water network, and the other could be preferentially localized at proximal points. L. pneumophila, which is also resistant to high temperatures (40) , was present within 1 of the 13 H. vermiformis isolates. Furthermore, 5 of the 11 samples found to be Legionella sp. positive were also colonized with H. vermiformis (four samples) or the unidentified protist (one sample); thus, there was a statistically significant association (P Ͻ 0.001) between the presence of Legionella and the presence of amoebae in the water networks, which confirmed previous results (48) .
We were unable to detect any Chlamydia-related organism in any of the 200 samples investigated. This was unexpected since Chlamydia-like organisms, such as Simkania negevensis, have been found to be widely distributed in water networks (23) . It is possible that some Chlamydia-like organisms that might have been present (i) in water samples or (ii) within the isolated indigenous amoebae (H. vermiformis and A. polyphaga) could not grow within A. castellanii strain ATCC 30010. A restricted host range with no growth within Acanthamoeba spp. has been described for Neochlamydia hartmannellae (21) . Restricted host ranges with no growth within spe- Amoebal coculture proved to be very efficient for recovering mycobacteria. Mycobacteria were easily detected using ZiehlNeelsen staining, suggesting that the multiplication rate of mycobacteria in the cocultures was high. As observed for Legionella sp., there was a significant association between the presence of amoebae and the presence of mycobacteria (P ϭ 0.009). To our knowledge, this is the first clear evidence that mycobacteria are associated with free-living amoebae in water networks. It has been shown in vitro that mycobacteria can grow in amoebae (10) , and amoebal coculture has recently been successfully used to isolate a new species, "Mycobacterium massiliense," from the sputum of a patient (2). However, our study was the first systematic use of amoebal coculture to investigate the mycobacterial diversity in a water network. It has recently been reported that hospital swimming pools used for physical therapy can be colonized by various mycobacterial species, including some species that cannot be recovered on traditional culture media (4). Thus, the amoebal coculture method might be a valuable tool for recovering such new fastidious mycobacterial species. Whether the species isolated (M. gordonae, M. kansasii, and M. xenopi) can grow inside amoebae and/or saprozoically on products secreted by the amoebae, as described previously for Mycobacterium avium (10, 51) , remains to be determined. The presence of these three species in hospital water networks has been reported previously (15, 56) , and these organisms may occasionally be involved in human infections (3, 5, 54) . Moreover, M. kansasii type 1 is generally considered more pathogenic than types 2 and 3 (52) . Although no cases of nosocomial infections due to these mycobacteria occurred during the study period, the presence of potentially pathogenic atypical mycobacteria in the water network and their association with the presence of free-living amoebae underline the importance of considering amoebae when water control measures are designed.
We also recovered various alphaproteobacteria. M. extorquens, which was frequently isolated in this study, was previously isolated using amoebal coculture from the nasal mucosa of a hospitalized patient (17) . Methylobacteria are slow-growing, pink-pigmented organisms that have been reported to be opportunistic pathogens in immunocompromised patients (24) . Methylobacteria have also been isolated from immunocompetent patients with bacteremia (22) . Methylobacteria are commonly found in water distribution networks (28) and are resistant to chlorine disinfection (20) . It has been suggested that their presence in the hospital environment should be monitored (42) .
B. japonicum has also been isolated previously by amoebal coculture (32) . Like M. extorquens, this organism is a plant endophyte, but to date it has not been implicated in human infections. The Rasbo bacterium has previously been recovered by cell culture (Vero cells) from plasma samples of a septic patient (8) and by coculture from 5.2% of hospital water samples (32) . Roseomonas gilardii has been involved in cases of bacteremia, catheter-related infections, and ventriculitis (12, 41, 43) , and a closely related species, Roseomonas massiliae, has been recovered by amoebal coculture from a nasal swab (17) . Interestingly, when constructing phylogenetic trees based on the partial 16S rRNA gene sequences (1,200 nucleotides) of more than 500 alphaproteobacteria (data not shown) (see Fig.  1 for representative tree with 93 sequences), we observed that the Roseomonas group seems to be affiliated with the Acetobacteraceae family (order Rhodospirillales) and not with the Methylobacteriaceae family (order Rhizobiales), as initially proposed (43) . The genus Roseomonas was still classified in this family in the 2004 edition of Bergey's Taxonomy Outline of the Prokaryotes (http://141.150.157.80./bergeysoutline/main.html) and in the NCBI Taxonomy tool (http://www.ncbi.nlm.nih.gov /Taxonomy/). However, our observations and the fact that this genus was classified in the order Rhodospirillales in the Ribosomal Database Project (http://rdp.cme.msu.edu) that provided aligned and annotated rRNA gene sequences (35) suggest that this classification may need to be reexamined. We also isolated M. roseus, R. elegans, and C. crescentus by amoebal coculture. To our knowledge, this is the first time that these species were isolated using this technique, and we propose that they should be added to the growing list of ARB. None of these species has been associated with human infections yet.
The amoebal coculture technique allowed us to isolate four new alphaproteobacterial isolates. For the two isolates belonging to the genera Afipia and Bosea, sequencing of the partial hypervariable rpoB region described by Khamis et al. (25) was useful, since it allowed us to differentiate these two isolates from previously identified species, whereas the 16S rRNA gene sequences were identical to that of a previously described species. Both Afipia spp. and Bosea spp. were shown to be common in hospital water networks, and seroconversion of as many as 20% of the patients admitted to an intensive care unit and requiring intubation or mechanical ventilation has been reported for Bosea massiliensis (32) . Bosea species have also been described as organisms that are able to replicate and produce high numbers within A. polyphaga (32) . For Afipia species there is less evidence that high levels of the bacteria are present within infected cells. An exception is the pathogenic species Afipia felis; an infected HeLa cell can contain 50 bacteria (6) . A. felis is also able to grow within A. polyphaga, and there was a 10-fold increase within 3 days (34) . Thus, the intra-amoebal growth observed here for "Afipia sp. strain laus-1" is the same order of magnitude as the growth reported for A. felis.
Due to their resistance to amoebae and potential resistance to human macrophages, the new strains are good candidates for agents of pneumonia whose etiology is unknown. Given the high rate of recovery of "Rhodoplanes sp. strain laus-1," which was present in as many as 11.5% (23/200) of the samples, we especially intend to investigate the exposure of patients to this new species by serology. This work does not provide a complete report of the biodiversity of ARB and amoebae in the hospital water network, since some ARB that are resistant to specific amoebae other than A. castellanii may not have been detected. Moreover, amoebae that do not feed on E. coli, such as the protist that we detected because of its growth on S. yanoikuyae present in the same sample, also would not have been detected. Compared to other techniques used for detection of noncultivable organisms, such as fluorescent in situ hybridization or PCR and cloning, amoebal coculture has the additional advantage that it potentially detects amoeba-resisting lytic viruses, such as the recently described mimivirus that leads to amoebal lysis in less than 72 h (30) , and provides living microorganisms that may be used as antigens for serological studies.
